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low	 densities.	 This	 effect	 was	 present	 for	 all	 management	 strategy	 scenarios,	
	including	when	managers	 adjusted	TAC	 according	 to	 population	 estimates	 from	
monitoring	programmes.
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1  | INTRODUCTION
Research	 into	 the	 difference	 between	 management	 strategies	 and	
actual	 harvest	 bag,	 commonly	 termed	 “implementation	 uncertainty”	
(Christensen,	1997)	or	“partial	controllability”	(sensu	Williams,	2001),	is	
rare	 in	 terrestrial	 systems	 (Milner-	Gulland	et	al.,	2010).	To	date,	most	
studies	 investigating	 the	 link	 between	 management	 decisions	 and	
harvest	rates	do	not	address	the	issue	of	implementation	uncertainty,	
although	 imperfect	 information	often	 leads	 to	 a	 gap	between	 imple-











game	 harvest	 systems,	 such	 as	 for	 greater	 sage-	grouse	Centrocercus 
urophasianus	 (Connelly,	 Reese,	 Garton,	 &	 Commons-	Kemner,	 2003),	
greater	 prairie-	chicken	 Tympanuchus cupido	 (Powell,	 Taylor,	 Lusk,	 &	
Matthews,	2011)	or	waterfowl	(U.S.	Fish	and	Wildlife	Service,	2016).
A	 framework	 that	 has	 proven	 to	 be	 particularly	 useful	 (e.g.	
Edwards,	Bunnefeld,	Balme,	&	Milner-	Gulland,	2014)	when	there	are	
multiple	 uncertainties	 associated	with	 elements	 in	 the	management	






implementation	 uncertainty	 affects	 the	managers’	 potential	 to	 con-
trol	offtake.	We	use	willow	ptarmigan	(Lagopus lagopus	L.)	as	a	model	
species	for	exploring	the	drivers	of	small	game	harvest	rates.	Willow	
ptarmigan	 is	 a	medium-	sized	 tetraonid	 (Pedersen	&	Karlsen,	 2007).	
Harvest	of	 the	species	 is	a	highly	 relevant	 topic	at	a	Fennoscandian	
scale,	 resulting	 from	 a	 >10-	year	 decrease	 in	 abundance	 throughout	
the	 area	 (Kålås,	 Husby,	 Nilsen,	 &	 Vang,	 2014;	 Lehikoinen,	 Green,	
Husby,	Kålås,	&	Lindström,	2014).	It	was	recently	listed	as	near	threat-
ened	(NT)	in	the	Norwegian	Red	List	of	Species	(Henriksen	&	Hilmo,	








1. Empirical	 evaluation	 of	 the	 role	 of	 management	 strategies	 and	
natural	 ecosystem	 parameters	 (not	 under	 management	 control)	
on	 observed	 harvest	 bag	 records,	 using	 data	 from	 state-owned	
land	 in	 Norway	 where	 several	 common	 harvest	 strategies	 for	
willow	 ptarmigan	 are	 applied.	 As	 management	 strategies	 and	
ecosystem	parameters	may	affect	harvest	bags	indirectly,	through	
either	 increased	 hunting	 effort	 or	 higher	 hunter	 efficiency,	 we	
used	 two	 complementary	 approaches	 for	 our	 analyses	 to	widen	




empirical	 evaluations.	 The	 actual	 harvest	 decision	 scenarios	 are	





2  | MATERIALS AND METHODS
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2.2 | Harvest and management strategy data









hunt:	mean	 across	 years	 and	MUs	 71%,	 range:	 37%–100%)	 for	 the	































It	 has	 previously	 been	 reported	 that	 hunting	 efficiency	 is	 lower	
in	dense	(i.e.	forested)	habitats	compared	to	open	habitats	(Pedersen	
et	al.,	1999).	To	address	this	finding,	we	calculated	the	proportion	of	







































































where	 we	 analysed	 harvest	 bag	 (defined	 as	 bagged	 birds	 per	 km2)	
as	response	(model	1),	and	another	where	we	analysed	harvest	as	a	
function	 of	 hunting	 effort	 (model	 2a)	 and	 hunter	 efficiency	 (model	
2b).	Defining	hunting	effort	as	hunting	days	per	km2	and	hunter	ef-
ficiency	as	bagged	birds	per	hunting	day	(commonly	known	as	catch-	




(MU)	 dependencies	when	 fitting	 the	 full	model	 (Zuur,	 leno,	Walker,	
Saveliev,	&	Smith,	2009).	Thus,	to	account	for	pseudoreplication,	we	
opted	 to	use	mixed	models	 (Zuur	et	al.,	2009),	 fitting	 random	 inter-
cepts	 for	MUs	 and	 year	 (package	 “lme4”,	 Bates,	Mächler,	 Bolker,	 &	
Walker,	 2015).	When	 using	models	 that	 accounted	 for	 this	 depen-
dency,	no	further	temporal	(ACF;	autocorrelation	function)	or	spatial	













fixed	 effects,	 in	 addition	 to	 the	 random	 intercepts	 (see	 above).	The	
variables	TAC	and	hunting	effort	(when	used	as	a	predictor)	are	directly	




&	Elphick,	2010),	 including	density	with	production,	 season	 starting	
time	with	temperature	and	season	length,	and	number	of	permits	sold	
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relative	 importance,	 on	 subsets	 of	 all	MUs.	A	 positive	 correlation	









governing	 the	 statistical	 models,	 we	 used	 two	 structurally	 differ-
ent	 pathways	 between	 collected	 data	 and	 implementation	 models	
(Figure	1)	 and	modelled	 a	 range	 of	 scenarios.	The	 endpoints	 of	 our	
Model Par AICc ΔAICc AICc weight
(1)
Density	+	TAC 6 541.92 0.00 0.29
Density	+	TAC	+	temperature 7 542.08 0.15 0.27
Density	+	TAC	+	precipitation 7 542.12 0.20 0.26
Density	+	TAC	+	habitat 7 544.73 2.81 0.07
Density	+	quota	type	+	temperature 8 545.65 3.73 0.04
Null 4 594.91 52.99 0.00
(2a)
Permits	sold	+	quota	type	+	temperature 8 548.29 0.00 0.49
Permits	sold	+	quota	type	+	density 8 550.05 1.76 0.20
Permits	sold	+	quota	type	+	production 8 550.89 2.60 0.13
Permits	sold	+	quota	type	+	precipitation 8 552.30 4.01 0.07
Permits	sold	+	quota	type	+	season	start 8 552.85 4.56 0.05
Null 4 615.73 67.44 0.00
(2b)
Density 5 556.41 0.00 0.27
Density	+	habitat 6 558.33 1.92 0.10
Density	+	TAC 6 558.39 1.98 0.10
Density	+	precipitation 6 558.79 2.38 0.08
Density	+	season	start 6 558.91 2.50 0.08
Density	+	temperature 6 559.01 2.60 0.07
Density	+	TAC	+	habitat 7 560.17 3.75 0.04
Density	+	habitat	+	precipitation 7 560.75 4.34 0.03
Density	+	TAC	+	precipitation 7 560.77 4.36 0.03
Density	+	quota	type 7 560.96 4.55 0.03
Density	+	TAC	+	temperature 7 561.06 4.65 0.03
Density	+	habitat	+	temperature 7 561.17 4.76 0.03
Season	start	+	density	+	habitat 7 561.18 4.77 0.03
Season	start	+	density	+	precipitation 7 561.23 4.82 0.02















1. Population	 state	model:	 First,	we	 generated	 a	 true	 value	 for	 the	
population	density	(willow	ptarmigan	per	km2)	 in	time	t,	by	taking	
random	 draws	 from	 a	 uniform	 distribution	 between	 2	 and	 25	
(covering	the	range	of	densities	in	our	dataset).	This	state	variable	
(Xt)	 was	 the	 input	 variable	 for	 the	 observation	 model,	 but	 its	
value	 will	 not	 be	 known	 to	 the	 managers	 (see	 below).












them,	 the	 managers	 make	 decisions	 about	 harvest	 regulations.	
Following	 our	 statistical	 analysis	 and	 the	 range	 of	 the	 empirical	
data,	we	identified	five	relevant	scenarios	corresponding	to	model	
3a	(Figure	1)	and	six	to	model	3b.
4. Implementation	 model:	 The	 management	 decisions	 affect	 realised	




uncertainty.	Only	 estimates	 of	 parameters	with	 substantial	 relative	
importance	were	 included,	using	a	threshold	of	0.8	as	guidance	for	
suggesting	 high	 importance,	 while	 the	 remaining	 parameters	 were	
kept	at	their	means.	All	simulations	were	replicated	10,000	times.
We	were	not	interested	in	exploring	the	effects	of	harvest	rates	on	
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resulting	 in	 an	 effective	 size	 range	 of	 the	 study	 areas	 of	 113.7	 to	
1,058.0	km2	 (mean	473.4	km2).	Mean	proportion	of	forested	habitat	





















based	 on	 the	most	 parsimonious	model,	 hunters	 clearly	 responded	
with	higher	efficiency	with	increasing	density	(Table	3).	However,	the	














intercept-	only	 model	 (ΔAICc	=	4.62,	 AICc	 weight	=	0.91,	 slope	±	SE: 
0.624	±	0.216,	 r2	=	0.34).	 For	 the	 other	 group,	 the	 intercept-	only	
model	 (i.e.	 a	 constant	TAC	 disregarding	 density)	 best	 described	 the	
management	 strategy	 (ΔAICc	=	2.59,	 AICc	 weight	=	0.79,	 inter-
cept	±	SE:	 8.917	±	1.296).	There	were	no	 indications	of	groups	with	
proportional	 versus	 constant	 management	 strategies	 for	 the	 other	
models	 (i.e.	 model	 2a	 describing	 hunting	 effort	 and	 2b	 describing	
hunter	efficiency).
3.2 | Simulations






















els	 for	hunting	effort	 and	hunter	efficiency.	We	 selected	 three	 rep-
resentative	scenarios	of	permits	sold	per	km2	 (i.e.	0.5,	0.75	and	1.0)	









strated	 fairly	 high	 robustness	 to	 observation	 uncertainty	 (Table	 S4).	





































Density 5 ± 1 Density 10 ± 1 Density 15 ± 1







0.153	(0.034) 49.7% 0.0% 0.106	(0.020) 2.6% 0.0% 0.100	(0.028) 2.7% 0.0%
Constant	
TAC	=	5
0.163	(0.035) 61.8% 0.1% 0.093	(0.018) 0.7% 0.0% 0.072	(0.014) 0.0% 0.0%
Constant	
TAC	=	10
0.214	(0.047) 93.9% 5.1% 0.125	(0.025) 14.3% 0.0% 0.097	(0.019) 1.5% 0.0%
Constant	
TAC	=	15
0.291	(0.071) 100.0% 38.4% 0.168	(0.036) 68.8% 0.1% 0.131	(0.027) 19.8% 0.0%
Constant	
TAC	=	20
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majority	of	hunting	occurs	in	this	period,	additional	harvest	throughout	
the	season	will	increase	the	harvest	rates	presented	here.











regardless	 of	 quota	 type.	We	 suggest	 that	 the	 lower	 hunting	 effort	
associated	with	period	quotas	mostly	had	a	behavioural	basis,	where	






The	 modest	 positive	 relationship	 between	 ptarmigan	 density	
and	 harvest	 bag	 (model	 1),	 as	well	 as	 between	 density	 and	 hunter	
efficiency	(model	2b),	is	in	line	with	previous	studies	of	both	willow	
ptarmigan	 and	 other	 species	 (Harley,	 Myers,	 &	 Dunn,	 2001;	 Post	
et	al.,	 2002;	Willebrand,	Hörnell-	Willebrand,	&	Asmyhr,	 2011).	The	
increased	 relative	efficiency	may	be	explained	by	hunters	 compen-
sating	 for	 having	 few	 encounters	 by	 hunting	 over	 longer	 days	 at	












abundance	 (Courchamp,	 Clutton-	Brock,	 &	Grenfell,	 1999)	 and	 even	
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at	 high	 population	 densities	 (Péron,	 2013).	 Alternatively,	 managers	
trust	hunters	to	reduce	harvest	bags	sufficiently	with	decreasing	game	
abundances.	This	 study	 strongly	 contradicts	 the	 latter	 aspect,	 as	 all	
competing	scenarios	gave	increased	harvest	rates	at	lower	densities.	
An	 implication	of	 this	 is	 that	even	managers	with	conservative	con-
stant	 strategies	 face	high	 risk	of	overharvest	when	population	den-
sities	 are	 low,	 unless	 they	 apply	 extremely	 precautionary	 strategies	






tainability.	When	 risk	of	high	harvest	 rates	 is	 substantial,	managers	
defying	 this	 risk	 increase	 the	probability	 that	harvest	affects	popu-
lation	development	negatively	 (Sandercock	et	al.,	 2011).	 This	 study	
shows	 that	 in	 systems	where	managers	 do	 not	 have	 direct	 control	
over	 harvest	 bags,	 harvest	 rates	 typically	 increase	with	 decreasing	
density.	 This	 can	 be	 a	 common	 feature	 of	 systems	where	 detailed	
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